Abstract Background: Cognitive impairment represents a critical unmet treatment need in multiple sclerosis (MS). Cognitive remediation is promising but traditionally requires multiple clinic visits to access treatment. Computer-based programs provide remote access to intensive and individually-adapted training. Objective: Our goal was to develop a protocol for remotely-supervised cognitive remediation that enables individuals with MS to participate from home while maintaining the standards for clinical study. Methods: MS participants (n ¼ 20) were randomized to either an active cognitive remediation program (n ¼ 11) or a control condition of ordinary computer games (n ¼ 9). Participants were provided study laptops to complete training for five days per week over 12 weeks, targeting a total of 30 hours. Conclusions: Remotely-supervised cognitive remediation is feasible for clinical study with potential for meaningful benefit in MS.
Introduction
Cognitive impairment is a critical concern for individuals living with multiple sclerosis (MS), affecting at least 40% of adult and 30% of pediatric patients. 13 Cognitive impairment can exact a major toll on overall quality of life, compromising employment and relationships. 1, 2 Cognitive remediation is a behaviorally-based approach that offers many treatment advantages. Traditionally, this approach has required the patient to travel to the clinic for multiple one-to-one sessions with a clinician or group. 46 Unfortunately, this is a costly approach and daily or weekly visits to the clinic are often not feasible for individuals living with MS. 57 While there are few adequatelydesigned clinical trials, meta-analyses have shown potential benefit of these programs, 4, 8, 9 with a large controlled trial (n ¼ 86) indicating significant benefit for a structured program of ten session memory training program. 5 However, recruitment for this trial took over seven years, possibly due to the constraints of receiving treatment in the clinic.
With rapid technological advances, many web-based cognitive remediation programs are readily available using computers instead of clinicians to administer and drive the training. 9, 10 There are a variety of programs now available, including some that are directly marketed to individuals with neurological disorders. Key components include frequent repetitive learning trials adjusted in real-time to adapt to the user's ongoing level of performance. 10, 11 These offer the advantage of a relatively low-cost and easily accessible option. However, controlled study is critically needed in order to guide effective use for individuals living with MS.
In order to conduct clinical trials that are accessible and feasible to a wide range of individuals living with MS, we have developed a protocol for remotely-supervising the use of a web-based cognitive remediation program delivered to individuals in their homes. The protocol includes an active control condition with random double-blind assignment to treatment condition. Here, we describe the features of this protocol and a pilot study of its use.
Methods
The primary outcome of this study was feasibility of our cognitive remediation protocol. We enrolled participants seeking treatment for cognitive impairment due to MS, as judged by their referring neurologist. All participants in the pilot study were required to have the same disease-modifying therapy, with all participants recently initiated on fingolimod treatment. Participants were required to be English speaking and between the ages of 18 and 70 years with a diagnosis of relapsingremitting MS (RRMS) and no other major medical condition, and stable disease, with the additional requirement of no recent relapse or associated steroid use in the past month. Participants were also required to fully understand and consent to study procedures, with sufficient visual and motor capacity to operate the study computer equipment.
After meeting study eligibility criteria and consenting to study enrollment, participants completed a baseline cognitive evaluation and were randomly assigned to either the active or control game condition. Participants were provided with study equipment that included a laptop computer and accessories, preconfigured to their assigned condition. After receiving instruction from a study technician detailing operation of the laptop and accessing the assigned program, participants were sent home with their study computer and materials. Based on previous studies, 5, 9, 12 we targeted a 12-week treatment period with the completion of five days of cognitive exercise per week (60 total days played across three months). For each of these days, the participant would be required to play half an hour of the program. Technical support, coaching, and monitoring of computer use were completed remotely by a study technician, also detailed below (Figure 1 ).
Study equipment
For MS participants, a larger screen size is particularly important to ensure that participants do not have to strain their vision to complete the program. For this purpose, laptops with 17'' screens were
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Multiple Sclerosis Journal-Experimental, Translational and Clinical provided, as they allowed for optimal visibility. Noise cancelling headsets were also provided to ensure participants could create an environment that was quiet and undisturbed. Standard hand-held mice were provided, with the option for adaptive mice as needed. Touch-screen devices may be utilized for future studies; however, these require a different approach to configuration and due to its implementations.
All participants were required to have internet connectivity to facilitate real-time data collection of their program usage. Participants assigned to use the active program also needed a working internet connection in order to access the active program website. In the case that a participant was lacking an internet connection, a Wi-Fi device was installed at their homes for the duration of the study program.
Laptop configuration and monitoring software
In order to gather data on program usage, laptops were installed with a monitoring software program to provide real-time data on all computer activity to the study technician. We used the time-tracking and computer monitoring software ''WorkTime,'' which was developed by NesterSoft, Inc. 13 The program allowed the study technician to obtain detailed measures of program usage for both study conditions.
Laptops were also installed with TeamViewer, 14 a remote support software. TeamViewer allows the study technician to remotely access the participant's desktop to assist with any technical difficulties or issues that would require direct assistance. To ensure security, the program requires passwords and access identification codes on both ends of the connection.
The laptops were all labeled to inform participants that usage activity was being monitored and recorded. Additional labeling on the laptops provided information specific to the participant the laptop was assigned to, such as their login credentials for their assigned game program, however, the laptops assigned to each condition remained indiscernible from each other.
Active treatment condition adaptive cognitive remediation program For the pilot study, the Lumosity platform, developed by Lumos Labs, Inc., 15 was chosen as the active adaptive cognitive remediation program. We developed a study-specific portal and set of games that focused on the most common areas of impairment in MS, including speeded information processing and working memory. The games were visually engaging, using simple rules that were explained during a brief instructional phase before participants begin. All games were adaptive as they had the ability to increase difficulty based on the participant's improvement. The program tracked progress using various gameplay parameters, such as unique levels played and improvements made in the game.
Active control condition ordinary computer games
In order to provide an active control, we selected a computer-based gaming program that would provide the experience of cognitive exercise associated with cognitive benefit but without the key components of the adaptive cognitive remediation programs (i.e. games not developed based on cognitive neuroscience principles to drive neural plasticity). We found that the most feasible options as a control condition would be software rather than a web-based platform. Therefore, based on prior research, 16 we chose the commercially available Hoyle puzzles and board games program, 17 which matched the active treatment condition with regard to overall procedure and program intensity. Rather than pre-programmed at login, the participant was given a list of daily exercises to complete that would last the same game play time as the treatment condition. Participants in the active control condition were instructed to play two games for 15 minutes each, according to a set rotational sequence. The control condition was also designed to account for nonspecific treatment effects, including placebo response, interactions with research personnel, and experience with computers and computer-related activities, and any halo or expectation effect on study assessments.
Blinding
Participants were told that they would be assigned to one of two types of cognitive exercise gaming programs, however, the participants were naïve to their assigned condition. Baseline and follow-up neuropsychological testing was completed by a blinded psychometrician, and the referring physician and study PI were also blinded to condition. The study technician was not blinded and assumed responsibility for condition assignment, participant instruction, and data entry for program use.
Remote supervision A dedicated study technician supported participants throughout the 12 week study following a protocol for routine weekly contact. Participants were provided with support through phone and email, with the goal of responding to all requests for support within one day. Each week, the study technician compiled user data from the remote WorkTime program, and, additionally, from the Lumosity program for the active participants, and recorded the data into a database. With this information as a reference, each participant was then contacted for a weekly check-in call to discuss any concerns or technical problems with their game play. If a participant failed to respond to contact over the span of two weeks, and did not show any gameplay on the tracking software, the study PI would contact them directly to determine the circumstances behind the participant's lack of contact and program usage, as well as to provide encouragement for participation, if needed.
Outcome measures
The primary outcome of this study was feasibility, measured by overall compliance. Based on in-clinic trials of cognitive remediation, 5, 12 we defined compliance to be 50% or more of targeted usage (i.e. playing 15 of the 30 target hours across the 12 week study). Further, at this 50% mark, participants would receive more frequent and intensive cognitive remediation when compared to clinic-based sessions (usually one to three visits per week).
Measures used to evaluate initial efficacy of the cognitive exercise programs are listed in Table 1 . To determine change in cognitive functioning, participants were administered a battery of neuropsychological tests at baseline and follow-up. Tests were selected due to their sensitivity to cognitive functioning in MS and measure complex attention, working memory, processing speed, visual and verbal learning. Raw performance scores were transformed to z-scores using age-referenced normative data provided with the study manuals. Representative z-scores from each test were then averaged to create a general cognitive composite score. The composite scores represent an individual's overall cognitive or motor ability by averaging the scores across several tests. For this reason, difference on a single test that did not reach significance may still contribute to the overall significant difference in composite score change.
A second composite score was created to determine change in motor functioning. In addition to scores from the motor function tests of the nine-hole peg test and the timed 25-foot walk, 18, 19 the motor composite score included the fine motor speed 20 Finally, efficacy was also measured by self-and informant-reported outcomes. Self-reported outcomes included the everyday cognition (ECog) questionnaire, and global impression of change for the participant and their chosen informant. The ECog is used to determine informant-rated impressions of the participant's cognitive functioning when engaging in everyday activities. 21 Procedures All participants were recruited through the Stony Brook Medicine Multiple Sclerosis Comprehensive Care Center. Enrolled participants were required to travel to clinic on two separate occasions, once at the study start date to establish their cognitive baseline and receive the study equipment, and a second visit after the end of the twelve week remediation for cognitive testing and to return the study equipment. Additionally, participants signed a ''Time Agreement Contract'' to reinforce study compliance. As the study was underway, we provided an option for the study technician to travel to their home to provide these visits if the participant had issues with transportation.
Participants were compensated for attendance of the baseline and follow-up appointments ($100 per visit). Individual cognitive remediation sessions were not compensated.
Results from pilot study
We completed an intention-to-treat analysis of the results including findings from all participants enrolled in the study.
Participants
A total of 20 participants were enrolled in this study from the Stony Brook MS Comprehensive Care Center in Stony Brook, NY. Table 2 shows the demographic and clinical features of the sample. The groups were generally matched in age, gender and overall disease severity.
As shown in Table 3 , the groups did not significantly differ at baseline or follow-up on any of the study measures. As would be expected, the group as a whole is characterized by mild to moderate impairments in domains sensitive to MS including complex attention and learning, as well as motor speed.
Game use and compliance
Across the 12-week treatment period, participants were targeted to complete a total of 30 hours of cognitive exercises. There was no significant difference in play time between the two conditions, with those in the active group averaging 25.7±8.3 hours over the course of the study compared to 24.2±15.6 hours of play in the control condition (p ¼ 0.80).
The range of game play time for the entire group was 4.556.7 hours. Only four participants did not meet the 50% cutoff for compliance, indicating an overall compliance rate of 80% (n ¼ 16). Of those who were non-compliant, two were in the active condition and two were in the control group.
Reasons for not meeting weekly compliance goals were also recorded, with the most common reports being health issues not related to MS (e.g. upper respiratory infection) and occupational commitments (see Figure 2) . Figure 2 further specifies the total instances of noncompliance each week into the reasons for noncompliant weeks. Noncompliant participants were given extra guidance and encouragement by the study technician to reach their weekly goal of 2.5 hours per week.
Program benefit
While the groups did not differ in either baseline or follow-up performances with the exception of the timed 25 foot walk, p ¼ 0.01 at follow-up (Table 4) , change in the cognitive and motor composite scores suggest a significant benefit in favor of the active treatment ( Table 5 ). The active group significantly improved on test performance at follow-up compared to the control condition (change in general cognitive composite z score of 0.46±0.59 improvement vs. À0.14±0.48 decline, p ¼ 0.02). The active group, unexpectedly, had a significantly improved mean motor composite score (0.40±0.71 improvement vs. À0.64±0.73 decline, p ¼ 0.005). Large effect sizes (Cohen's d) were observed in both composite analyses, indicating clinical significance of the remediation program.
For self-report (Figure 3 ), more participants in the active vs. control condition reported improved cognitive functioning (72% vs. 11%, p ¼ 0.04), as well as improved overall memory (55% vs. 11%, p ¼ 0.045). The active group reported a higher level of perceived improvement in performing daily tasks measured by the ECog (57.36±13.51 vs. 40.56±2.13, p ¼ 0.002).
All statistical analysis, including descriptive statistics, t-tests, and comparative analysis, was carried out in IBM SPSS Statistics 21.
Discussion
Our protocol using remote supervision for cognitive remediation delivered to participants in their home is feasible for controlled and double-blind clinical trials for use in MS. We found that this protocol allowed us to rapidly recruit study participants and that there was a high degree of user compliance.
Noncompliance is found in any trial requiring consistent participation, 4,10 especially for those with daily work and family obligations. However, this relatively low noncompliance rate suggests a remote cognitive remediation program is both a feasible and viable method for individuals with MS to access treatment.
Components of the protocol can be exchanged: the chosen adaptive program could be substituted using any number of other programs, control condition, and time played. The ideal control condition may be web-based as well, for instance a version of the program that is adaptive vs. non-adaptive for true comparison. Furthermore, a recent meta-analysis performed on studies for mild cognitive impairment suggest that one hour of playing time may be superior to the 30 minutes used in our study for optimal benefit. 4 However, longer playing time may represent a trade-off with compliance.
In addition to compliance, we found a preliminary signal for potential benefit as well. Participants in the active condition had greater benefit on both the cognitive and motor composites, and this corresponded to perceived cognitive benefit as well. Additionally, improvements on specific measures of complex attention and working memory were consistent with the expected benefit based on the domains addressed by our specific set of exercises. Our findings are generally consistent with the results found for the use of similar programs in MS participants, 22, 23 as well as in other conditions. 4, 9 There is emerging evidence demonstrating the potential benefits of the overall Lumosity training platform in other populations, 24 and it is similar to many other targeted training programs with options to tailor exercises at the individual or group level.
Measures addressing daily impact of cognitive training are also important to include in larger trials. For example, when including both the self-and informant-reports, the MS Neuropsychological Questionnaire may be considered more meaningful than solely the participant report used in this study. 34 Table 5 . Change in cognitive and motor composite scores show benefit for active condition.
Baseline visit mean z score Follow-up visit mean z score Mean change We have also found that a semi-structured interview, the Cognitive Assessment Interview or CAI, to be a promising outcome measure that includes both a participant and informant input 25 .
For our pilot study, inclusion criteria were not based upon objectively-measured cognitive impairment. First, it is difficult to determine which representative measurement should be used to screen and enroll MS participants who may benefit from these very broadly-targeted cognitive remediation programs. Second, our findings suggest that cognitive impairment at study entry may not be closely predictive of training benefit, and studies in other conditions have actually found those with less severe baseline cognitive impairment may benefit the most. 4, 11, 12 Reaching participants away from the clinic provides a more real-world approximation of use and allows for rapid recruitment, which adequately powers clinical trials at a much lower cost. This protocol is currently being tested for a larger controlled trial. Results of these and other studies will soon provide much needed guidance for use of cognitive remediation programs for those living with MS relatedcognitive difficulties.
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